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Available online 10 September 2015Wepresent a synthesis of the results of a multiproxy, multisite, palaeoecological study of Holocene environmen-
tal change in Kamchatka, Far East Russia, details of which are presented elsewhere in the volume.We summarise
the results of the analyses of pollen, diatom, chironomid, and testate amoebae assemblages, together with stable
isotopes of oxygen and carbon, and sediment characteristics from the sediments of ﬁve lakes and a peat succes-
sion on a latitudinal gradient of the Kamchatka Peninsula, to infer environmental change and establish themajor
climate forcers and climatic teleconnections. There are synchronous shifts in the assemblage composition ofmost
of the biota and across most sites at 6.5–6.2 ka BP, 5.2 ka BP, 4.0 ka BP, and 3.5 ka BP, suggesting a response to
strong regional climate forcing at these times. These dates correspond to thewarmest part of the Holocene Ther-
malMaximum(HTM) (6.5–6.2 ka BP), the beginning of theNeoglacial cooling (5.2 kaBP), the coolest andwettest
part of the Neoglacial (4.0 ka BP), and a switch to warmer and drier conditions at 3.5 ka BP. Our results provide
evidence for the penetration and domination of different air masses at different periods during the Holocene.
Cool and dry periods in winter (e.g., at 6.0 ka BP) were driven by a relatively weak pressure gradient between
the Siberian High and the Aleutian Low, whereas cool, wet periods in winter (e.g., the Neoglacial and during
the LIA) developed when these two systems increased in strength. Warm, dry, continental periods in summer
(e.g., at 2.5 ka BP) were driven by a weakening of the Siberian High. We ﬁnd that the timing of the HTM in
Kamchatka is later than in the Eurasian arctic but similar to northern Europe and the sub-arctic part of eastern
Siberia. This progressive onset of the HTM was due to the effects of postglacial ice-sheet decay that modulated
the routes of westerly storm tracks in Eurasia.
A major ecosystem driver was the Siberian dwarf pine Pinus pumila, which spread northward during the
Holocene in response to increasing winter snow, and caused water chemistry changes on arrival in the
catchments of our study lakes and a response in diatom and chironomid assemblages. We also detect short-
term responses, especially in diatom assemblages, to water chemistry changes following volcanic ash deposits.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
This volume brings together a collection of papers investigating
Holocene environmental change frommultiple sites along theKamchat-
ka Peninsula, in the Russian Far East. Each of these individual studies
uses a range of biotic and abiotic terrestrial and/or freshwater indicators
to infer quantitative and qualitative change of the local environment.
Here we synthesise the results from these papers to build a wider pic-
ture of regional environmental change and to determine the key drivers
of this change. The primary focus of this synthesis is to infer the timing,
magnitude and spatial expression of themajor climatic episodes during
the Holocene by comparing trends and commonalities between the
palaeoenvironmental records at each of the studied sites. We compare. This is an open access article underthese regional climatic trends with global climate dynamics to establish
the major forcing mechanisms inﬂuencing Holocene climate in
Kamchatka. A second important focus of this synthesis is to examine
andunderstand the inter-relationships between climate and the region-
al and local drivers of ecosystem change, including volcanic activity and
ecological interactions.
Holocene climate dynamics in Kamchatka are poorly understood as
few data have previously been available from the region. This is a serious
gap in our understanding of past climate change because the nature of cli-
matic teleconnections between the North Atlantic and the North Paciﬁc
are consequently incompletely understood and this may undermine the
reliability of climate models (Renssen et al., 2009). The regional climate
of Beringia, of which Kamchatka is a part, is complex and spatially hetero-
geneous. This leads to differences in spatial climatic patterns during the
Holocene, compared with the present, and problems in generalising
palaeoclimate trends for the region using data that are available fromthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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cords indicate the complexity of climate teleconnections across the re-
gion. For example, oxygen isotopic analysis provides evidence of
linkages via the westerlies across northern Eurasia to the North Atlantic
(Kurita et al., 2003). Peat records from China provide evidence of
atmospheric–oceanic teleconnections between the North Atlantic and
the western North Paciﬁc due to synchronous climate responses during
the Holocene (Hong et al., 2009). Lake sediment records from Alaska
indicate cyclical climate variations of solar periodicities similar to
those known from the North Atlantic and North Paciﬁc due to solar–
ocean–climate linkages (Feng et al., 2003).
The Kamchatka Peninsula protrudes into the North Paciﬁc Ocean
and so is highly inﬂuenced by climatic ﬂuctuations driven by oceanic
and atmospheric circulation dynamics. The modern climate of
Kamchatka is sensitive to the intensity of the summer North Paciﬁc
High and winter Aleutian Low, which are linked through atmospheric
teleconnections to the Southern and Arctic Oscillations. In winter it is
also inﬂuenced by the Siberian High, which brings cold, dry weather
(Mock et al, 1998). In early summer, the sea ice in the Sea of Okhotsk
brings cold air, which competes with the summer monsoonal inﬂuence
and the Paciﬁc High to the south and east, which brings warm,moist air
masses (Mock et al., 1998; Shahgedanova, 2002; Yanase andAbe-Ouchi,
2007; Jones and Solomina, 2015–this volume). The interactions of these
climate forcersmay have changed in the past and can be revealedwith-
in the peat and lake sedimentary records in Kamchatka.
This is the ﬁrst study to bring together multiple strands of evidence
of Holocene environmental change in Kamchatka. Relatively few
palaeoecological studies have previously been published on Kamchatka
andmost of thesehave focussedonvegetational developments (reviewed
by Dirksen et al., 2013). While such studies provide valuable information
on the response of one part of the terrestrial ecosystem to Holocene envi-
ronmental change inKamchatka, the conclusions that canbe drawnabout
major drivers of environmental change are inevitably limited.
One of themost striking landscape features of the Kamchatka Penin-
sula is the large number of active volcanoes. These frequently deposit
ash layers of varying quantities across the peninsula and may be a
cause of local lake and catchment ecosystem change, which may be
short-lived or result in longer term changes in equilibria (Birks and
Lotter, 1994; Ayris and Delmelle, 2012; Self et al., 2015–this volume).
The ash layers can be characterised chemically and, in combination
with radiocarbon chronologies, they have been used in this study to
constrain and link the sediment records chronologically across the
whole Peninsula (Plunket et al., 2015–this volume).
An over-arching regional climatic and chronological framework for
Holocene climate trends on the Kamchatka Peninsula is provided by re-
cords of glacier ﬂuctuations (Barr and Solomina, 2014). Major advances
or retreats of mountain glaciers are indicative of major cooling or
warming events or changes in the amount of precipitation, and the timing
of these can be compared with the position of signiﬁcant assemblage
turnover in the biotic records. The stable oxygen-isotope records available
from three sites (Hammarlund et al., 2015–this volume; Meyer et al.,
2015–this volume)have thepotential to provide a framework for regional
climate change and provide evidence for the geographical source of the
dominant air masses, as well as couplings to major pressure systems
and circulation dynamics of the North Paciﬁc Ocean. Changes in vegeta-
tion, especially the migration of major tree taxa, provide an ecological
framework against which changes in the lake biota can be compared.
While vegetation developmentmay be in response to climate, the vegeta-
tional changes themselves may lead to lake water chemistry changes,
resulting in a response by the lake biota. Taken together in this way this
synthesis of the results of the multi-proxy, multi-site study presented in
this volume will provide new insights into the nature and drivers of
Holocene environmental change on the Kamchatka Peninsula.
We have used the results of our research to address several impor-
tant questions concerning Holocene climatic dynamics in the region
and how this relates to global climate systems. Answers to thesequestions provide insights into global climate dynamics and
teleconnections between the North Atlantic and North Paciﬁc regions
in addition to the inﬂuence of global, regional and local climate and en-
vironmental drivers on ecosystems in Kamchatka.
• Are the major Holocene climatic episodes, which are apparent in cli-
mate records from the North Atlantic region, also indicated by climate
proxies in records in Kamchatka?
• Are there signiﬁcant differences in themagnitude or duration of these
climate oscillations between the North Paciﬁc and North Atlantic
regions?
• Are there signiﬁcant spatial differences within Kamchatka in the
timing and magnitude of the major Holocene climate ﬂuctuations?
• Is there evidence for the penetration of different air masses during the
Holocene based on changes in the isotopic composition of precipita-
tion or precipitation seasonality?
• What are the effects of volcanic ash falls on terrestrial and lacustrine
ecosystems?
• Is ecosystem change driven primarily by global and/or regional cli-
mate forcing or is it in response to the inﬂuence of local environmen-
tal conditions or stochastic processes?
2. Study sites
The regional geographical and biological setting of the 1250 km long
Kamchatka Peninsula, which lies between latitudes 51°N and 60°N and
along longitude 160°E, in the Russian Far East, has been described in de-
tail by Jones and Solomina, 2015–this volume. The study sites have all
been described in detail in preceding papers in this volume. The sites
comprise ﬁve lakes, namely Lifebuoy (Solovieva et al., 2015–this
volume), Pechora (Andrén et al., 2015–this volume; Hammarlund et al.,
2015–this volume), Olive-backed (Hammarlund et al., 2015–this
volume; Jones et al., 2015–this volume; Self et al., 2015–this volume),
Two-Yurts (Hoff et al., 2015–this volume; Meyer et al., 2015–this
volume) and Sokoch (Dirksen et al., 2015–this volume), and a peatbog
in the Utka Peatlands (Klimaschewski et al., 2015–this volume). The
sites are situated on a north to south transect on the Peninsula (Fig. 1) be-
tween 53°N and 59°N at 20–693 m a.s.l.. Air temperature ranges from
minus 19.6 to 15 °C and mean annual precipitation from 350 to
1100 mm. The lakes range in depth from 3 to 25 m and from pH 6.7 to
8.1 (Table 1).
In each of the study sites a suite of organisms has been analysed to
determine the biotic response to environmental change through the
Holocene. At all sites, pollen analysis has been used to assess vegetation-
al developments. At each of the ﬁve lake sites chironomids and diatoms
have been analysed and testate amoebae were analysed from the Utka
peatlands. Chironomids are particularly sensitive to summer tempera-
ture, which has a direct inﬂuence on the development of the immature
stages (Eggermont and Heiri, 2012). The composition of chironomid as-
semblages is also inﬂuenced by lake productivity and pH (Brooks et al.,
2001; Rees and Cwynar, 2010). Diatoms are particularly sensitive to
water chemistry and are good indicators of lake productivity, dissolved
organic carbon (DOC) and pH (Jones, 2013). Testate amoebae are useful
indicators of bog wetness (Charman, 2001). In addition, the stable
oxygen-isotope composition of aquatic cellulose was analysed from
two of the lakes, Pechora and Olive-backed (Hammarlund et al., 2015–
this volume), and from silica frustules from diatoms (Meyer et al.,
2015–this volume) yielding evidence of hydrological process and
changes in the seasonality of precipitation, which can be related to
changes in regional atmospheric circulation (Edwards et al., 2004).
Major changes in each of the biotic groupswere identiﬁed using zona-
tion analyses of each stratigraphic assemblage and detrended correspon-
dence analysis (DCA) or principal components analysis (PCA) (Nazarova
et al., 2013a; Hoff et al., 2014; Andrén et al., 2015–this volume; Dirksen
et al., 2015–this volume; Hoff et al., 2015–this volume; Klimaschewski
Fig. 1. The Kamchatka Peninsula in Far East Russia showing its position in relation to theNorth Paciﬁc Ocean and Beringia (inset).Mainmap shows location of each of theﬁve lakes and the
Utka Peatlands studied and the main volcanoes.
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2015–this volume). Chronological control of the respective sediment
and peat sequences has been obtained primarily by radiocarbon dating,
but in some cases also by tephrochronology based on geochemical identi-
ﬁcation of distal tephra horizons (Plunket et al., 2015–this volume).
Hence, the chronological positions of each of the taxon assemblage
zones can be compared with some reliability between each of the biotic
groups and between each site. This means that, within the errors of the
age–depth models, synchronous changes, leads and lags, and unique
zone boundaries between groups and sites can be readily identiﬁed.
A synopsis of the chronological position of all zone boundaries iden-
tiﬁed at each of the six study sites through the Holocene is shown in
Fig. 2. Each zone boundary denotes a major shift in the composition of
the diatom, chironomid, pollen and testate amoeba assemblages. In ad-
dition,we have indicated the position ofmajor shifts in the axis 1 DCAor
PCA sample scoreswhere these do not coincidewith assemblage change
zone boundaries.
3. The Holocene climate of Kamchaka: a synopsis
3.1. Before 8.5 ka BP — climate warming
Only three of the six records in this study begin before 8.5 ka BP: the
two southern sites at Sokoch and Utka and the northern lake site at
Pechora. The pollen record at Utka (Klimaschewski et al., 2015–this
volume) suggests that summers were cool and dry from 11.0–
10.5 ka BP. After 10.3 ka BP the records from Sokoch and Utka then indi-
cate that the climate began to become warmer, wetter and moreTable 1
Summary of key features of study sites.
Site Longitude–Latitude Maximum water
depth (m)
Alt
(m
Lifebuoy Lake 59°06′593″N, 163°09′141″E 5.1 2
Pechora Lake 59°17.6′N, 163°07.8′E 4.3 4
Olive-backed Lake 56° 12.0740N; 158°51.4930 E 3.0 69
Two-Yurts Lake 56°49,20N; 160°06,30E 25 28
Sokoch Lake 53°15.1332N, 157°45.4892E 7.0 49
Utka Peatlands 53°14.909′N, 156°50.614′E n.a. 25maritime (Hoff et al., 2014; Dirksen et al., 2015–this volume). At Pechora
the climate at this time was cool and moist with high winter precipita-
tion (Andrén et al., 2015–this volume). There is evidence of increasing
windiness in the south of Kamchatka from about 9.5 ka BP (Hoff et al.,
2014; Dirksen et al., 2015–this volume) and in the north from about
9.0 ka BP (Andrén et al., 2015–this volume).3.2. 8.5–5.2 ka BP— Holocene thermal maximum
On the Paciﬁc coast at the north of our transect, chironomid and iso-
tope records from Pechora (Andrén et al., 2015–this volume;
Hammarlund et al., 2015–this volume) suggest that the climate became
progressively warmer and drier from around 8.5 ka BP. Chironomid-
inferred summer temperatures reached a peak here at 1.3 °C above
present-day between 8.5 ka BP and 7.3 ka BP and remained above mod-
ern temperatures until ca 5.2 ka BP. Chironomid-inferred temperatures
at Lifebuoy Lake reached a Holocene peak between 5.7 and 5.3 ka BP
(Solovieva et al., 2015–this volume). Warm conditions are also indicated
in the south of Kamchatka at Sokoch,where the forestswere at theirmax-
imumextent between 7.4 and 5.1 ka BP. The climatewas initiallywet and
maritime but a progression to a drier, more continental climate from ca
6.0–5.5 ka BP is indicated in the pollen record (Dirksen et al., 2015–this
volume). Evidence of increased continentality at this time has been
found in other records in the region (Mayewski et al., 2004; Nazarova
et al., 2013a). At Utka, the pollen and testate amoeba records suggest
that the climate became warmer and wetter from about 6.3 ka BP
(Klimaschewski et al., 2015–this volume).itude
a.s.l.)
Modern
pH
Max/min temperature
(°C)
Mean annual precipitation
(mm)
0 12.0/−17.0 412
5 6.7 13.7/−15.8 412
3 6.7 14.6/−19.6 588
0 7.0 13.0 350
5 8.1 15.0/−18.0 600–1100
0 n.a. 14.0/−14.0 670
Fig. 2. The chronological position of each of the zone boundaries indicating major taxon turnover at each of the sites studied. The taxon showing major change is indicated immediately
above or below the zone boundary (chiro= chironomid). START indicates the age of the beginning of the sequence. Data fromAndrén et al. (2015), Dirksen et al. (2015–this volume); Hoff
et al. (2015–this volume), Klimaschewski et al. (2015–this volume), Self et al. (2015–this volume); Solovieva et al. (2015–this volume); Nazarova et al. (2015–this volume).
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reﬂect the 8.2 ka BP event. At Pechora, both the pollen and diatom re-
cords indicate a brief cooling at ca 8.2 ka BP (Andrén et al., 2015–this
volume), and the pollen record from Sokoch (Dirksen et al., 2015–this
volume) suggests that the climate became cooler between 8.0 and
7.6 ka BP. A short, dry, more continental period at around 8.0 ka BP is in-
dicated in pollen records elsewhere in Kamchatka (Dirksen et al., 2013).3.3. 5.2–3.7 ka BP — Neoglacial cooling
At all our lake study sites there are signiﬁcant changes in the sediment
records at 5.2–5.1 ka BP (Fig. 2),which are interpreted as indicating a shift
to cooler temperatures and increasing winter precipitation. Further as-
semblage shifts, which occur between 4.5 and 4.0 ka BP at these sites,
are probably in response to further cooling and increasing winter precip-
itation (Nazarova et al., 2013a; Hoff et al., 2014; Andrén et al., 2015–this
volume; Dirksen et al., 2015–this volume; Self et al., 2015–this volume;
Solovieva et al., 2015–this volume). The arrival of Pinus pumila at the
northern sites in our study transect is probably in response to increased
winter snow cover (Hammarlund et al., 2015–this volume).
Extensive advances of mountain glaciers (Savoskul, 1999; Barr and
Solomina, 2014) and increases in sea–ice extent (Harada et al., 2014)
from about 4.5 ka BP also indicate the impact of the Neoglacial cooling
phase (Fig. 3). Glaciers reached their maximum extent at ca 4.3–
3.5 ka BP, and this is evident at Two-Yurts Lake,where the storage ofwin-
ter precipitation in the catchment affected the water isotopic composi-
tion of the lake (Meyer et al., 2015–this volume). Hence, although
several of our lake records indicate a climate cooling from about
5.2 ka BP, the glacier expansion at ca 4.5 ka BP probably reﬂects primarilyan increase in winter precipitation associated with a large-scale shift in
atmospheric circulation. An increase inMyrica pollen and changes in tes-
tate amoebae assemblages at Utka at around 3.7 ka BP suggests a re-
sponse to increasing precipitation and an increasingly oceanic climate
(Klimaschewski et al., 2015–this volume).3.4. 3.7–0.7 ka BP— climatic ﬂuctuations and increased winter ice cover
At Sokoch and Two-Yurts lakes evidence from chironomid, diatom
and pollen analyses (Nazarova et al., 2013a; Hoff et al., 2014; Hoff et al.,
2015–this volume) suggests that the climate may have become more
continental and drier from ca 3.7–3.5 ka BP. Warming and increasingly
dry and continental conditions from ca. 3.2 ka BP is also indicated in pol-
len records from central Kamchatka and may have already begun in
northern Kamchatka by ca 3.8 ka BP (Dirksen et al., 2013). However,
(Meyer et al., 2015–this volume) suggest that the apparent warming at
Two-Yurts Lakemay be caused by a cessation of coldmeltwater entering
the lake following the melting of local glaciers. Cooler summer tempera-
tures, longer ice-cover and increased winter precipitation from ca 3.5–
2.8 ka BP are suggested by changes in chironomid and diatom assem-
blages and isotope records at Lifebuoy, Pechora and Olive-backed lakes
(Hammarlund et al., 2015–this volume; Self et al., 2015–this volume;
Solovieva et al., 2015–this volume). There is also evidence of cooler
more oceanic conditions at this time at Utka (Klimaschewski et al.,
2015–this volume).
During the period 2.9–0.7 ka BP there is a lack of synchrony in the
timing of signiﬁcant biotic assemblage changes both within and be-
tween our study sites (Fig. 2). This suggests that the amplitude of cli-
mate change at this time was relatively modest and/or the biota were
Fig. 3. Compilation of palaeoenvironmental interpretations of the Kamchatka palaeoenvrionment compared with other literature data for the Holocene: (a) mean Holocene temperature anomalies across the mid- to high latitudes of the northern
hemisphere (Marcott et al., 2013) and its relation to, (b) climate forcing by mean annual insolation changes at 56°N (Laskar et al., 2004); (c) alkenone-based sea-surface temperature reconstructions in the Sea of Okhotsk ate Site LV29-114-3 (Max
et al., 2012); (d) temperature trends, and (e) humidity trends, and (f) changes in lake trophy inferred from lake records of Kamchatka (Andrén et al., 2015–this volume; Dirksen et al., 2015–this volume; Hoff et al., 2015–this volume; Self et al., 2015–
this volume; Solovieva et al., 2015–this volume); (g) trends in winter precipitation inferred from vegetation dynamics and stable isotope signals in lake records of Kamchatka (Hammarlund et al., 2015–this volume;Meyer et al., 2015–this volume);
(h) timing of mountain glaciation on Kamchatka (Barr and Solomina, 2014; Meyer et al., 2015–this volume); (i) source signal of aeolian silt-sized quartz in the Japan Sea revealed by electron spin resonance, as a proxy of atmospheric circulation
(Nagashima et al., 2013; Harada et al., 2014); (j) stable oxygen isotope data of cellulose in the Horse Trail Fen of South Alaska, as a proxy of Aleutian Low strength (Jones et al., 2014); (k) monsoon signals in the Dongge Cave (Dykowski et al.,
2005); reconstruction of El-Niño-SouthernOscillation (ENSO) dynamics fromgrain-size signals in lake sediments of El Junco Lake on the Galapagos Islands (Conroy et al., 2008); regional palaeoclimatic stages on Kamchatka, revealed by the presented
studies on Kamchatka.
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2.8 and 1.7 ka BPwarmer, drier conditions and increasing continentality
are indicated at Two-Yurts and Olive-backed lakes in the central high-
lands (Nazarova et al., 2013a; Hoff et al., 2015–this volume; Meyer
et al., 2015–this volume; Self et al., 2015–this volume) and at Sokoch
(Dirksen et al., 2015–this volume). Warming at this time is opposite to
European records which show cooling at 2.7 ka BP following the con-
tinuing decline in the summer insolation curve (van Geel et al., 1996).
Between 1.9 ka BP and 1.0 ka BP a shift to cooler, wetter and more
maritime conditions is apparent in the records from Sokoch (Hoff et al.,
2014; Dirksen et al., 2015–this volume), Olive-backed (Hammarlund
et al., 2015–this volume) and Lifebuoy lakes (Solovieva et al., 2015–this
volume). A brief rise in chironomid-inferred summer temperatures at Pe-
chora Lake around 1.0 ka BPmay be indicative of a response to theMedi-
aeval Warm Period (Andrén et al., 2015–this volume).
3.5. 0.7 ka BP to present— little ice age and modern warming
Changes in the chironomid and diatom assemblages between 0.7
and 0.4 ka BP at Two-Yurts, Pechora and Lifebuoy lakes (Nazarova
et al., 2013a; Andrén et al., 2015–this volume; Hoff et al., 2015–this
volume; Solovieva et al., 2015–this volume) and in the isotope record
at Pechora Lake (Hammarlund et al., 2015–this volume) are indicative
of cooling, increased windiness, increased winter precipitation and an
increase in the length of the ice cover season. There is evidence from
tree-ring records of cooling from ca 0.4 ka BP (Solomina et al., 2007;
Jones and Solomina, 2015–this volume) and glacier advances between
0.7 and 0.15 ka BP due to reduced summer insolation (Barr and
Solomina, 2014). All these records suggest that cooling during the Little
Ice Age had an impact across the Kamchatka Peninsula. From 0.15 ka BP
to the present there is an indication of a response to awarmer climate in
the diatom record from Sokoch Lake (Hoff et al., 2014), although at
Olive-backed Lake no evidence for recent climate change was found
(Jones et al., 2015–this volume).
4. Local drivers of environmental change
4.1. Arrival of dwarf pine
Thenorthward spread of the dwarf pine P. pumila across theKamchat-
ka Peninsula appears to have been driven by an increase in the amount of
winter snow and the duration of snow-cover (Hammarlund et al., 2015–
this volume). Pollen records indicate that P. pumilamay have been pres-
ent locally in the south of Kamchatka during the entire Holocene, al-
though a distinct expansion took place during the last 4–5 millennia
(Dirksen et al., 2013; Klimaschewski et al., 2015–this volume). This ex-
pansion reached Sokoch Lake, in the south of the transect, at 5.1 ka BP
(Dirksen et al., 2015–this volume), Two-Yurts Lake by 4.5 ka BP (Hoff
et al., 2015–this volume), followed by Olive-backed Lake at 4.2 ka BP
(Self et al., 2015–this volume), which are both in the central highlands.
The continued northward spread brought P. pumila to Pechora and
Lifebuoy lakes, in the north of the transect, between 4.2 ka BP and
4.0 ka BP (Andrén et al., 2015–this volume; Solovieva et al., 2015–this
volume). A lake ecosystem response to the arrival of P. pumila, through
catchmentmediated changes in pH andDOC content, is evident in the di-
atom records from Lifebuoy and Olive-backed lakes and also by a change
in the chironomid assemblage at Olive-backed Lake (Self et al., 2015–this
volume; Solovieva et al., 2015–this volume).
4.2. Lake productivity
Climate can act indirectly on lake ecosystems mediated by catch-
ment vegetation changes, which can impact lake productivity through
changes in the export of DOC and nutrients (Jones et al., 2011). At all
the lake sites studied in this investigation there is clear evidence of shifts
in the trophic status. The longest record from Sokoch Lake shows it wasmeso-oligotrophic in the early part of the record but becamemore pro-
ductive as the climatewarmed during the HTMand increased precipita-
tion enhanced the delivery of catchment-derived nutrients. After the
start of the Neoglacial, the lake reverted to an oligotrophic state but dia-
tom data from recent sediments suggest that the lake is currently becom-
ing more eutrophic again (Hoff et al., 2014). At all the other lakes in our
study changes in thediatomﬂoras indicate that less productive conditions
prevailed during cool, wet periods and that the lakes became more pro-
ductive during warm climatic periods (Andrén et al., 2015–this volume;
Self et al., 2015–this volume; Solovieva et al., 2015–this volume) (Fig. 3).
4.3. Volcanic impacts
Deposition of volcanic ashes may impact lake biota directly by af-
fecting lake water chemistry, and may impact terrestrial vegetation
through physical effects and changes in soil chemistry and hydrology
(Ayris and Delmelle, 2012). Usually these impacts are of relatively
short duration and local, although occasionally a major volcanic erup-
tion may have a regional impact. Due to the large number of active vol-
canoes on the Kamchatka Peninsula there are many tephra deposits in
the lake sediment sequences that have been examined in this study
(Plunket et al., 2015–this volume).
Unlike most lakes, which naturally trend towards acidiﬁcation dur-
ing the Holocene as soils develop in the catchment, Olive-backed Lake
was acidic from the start of the sequence and became less acidic after
ca 6.8 ka BP. The early acidic phase is likely to be the result of tephra de-
position, which may also have prevented the coring tube penetrating
sediments older than 7.8 ka BP. A tephra layer at ca 1.7 ka BP also ap-
pears to have caused a short-term ﬂuctuation in the pollen, diatom
and chironomid assemblages (Self et al., 2015–this volume). At Pechora
Lake several tephra layers (but not all) were succeeded by transient di-
atom assemblage changes, typically involving increased proportions of
planktonic forms and indicating increased aquatic productivity
(Andrén et al., 2015–this volume). At Lifebuoy Lake the diatom genus
Stephanodiscus disappeared after a tephra deposition event at ca
3.8 ka BP, probably as a result of oligotrophication following the sealing
of phosphorus-rich sediments by the volcanic ash (Solovieva et al.,
2015–this volume). At Sokoch Lake the tephra deposits at ca 4.1 ka BP,
3.3 ka BP and 1.6 ka BP caused temporary changes in water chemistry
which are reﬂected in changes in the diatom assemblages.
5. Implications for regional climate trends and drivers
Our studies clearly indicate that there have been major climatic
shifts through the Holocene that have inﬂuenced the palaeoecological
records at all our sites across the Kamchatka Peninsula. These major cli-
mate patterns reﬂect global trends and climate dynamics as well as idi-
osyncrasies of the regional climate system (Fig. 3).
During the early Holocene, the climate of the whole Peninsula be-
came progressively warmer and wetter. This culminated in the HTM,
when maximum temperatures were attained between about 8.5 and
5.2 ka BP. Towards the end of the HTM, from about 6 ka BP, there are in-
dications that the climate began to becomemore continental and drier.
Our palaeolimnological records indicate that lake productivity increased
as the climate becamewarmer. From ca5.2 ka BP all our records indicate
that temperatures abruptly cooled, under the inﬂuence of a wetter,
more oceanic climate regime, especially during the winter. In response,
the lakes became more oligotrophic.
These mid-Holocene environmental changes can be regarded as re-
sponses to long-term insolation-driven climate cooling, as also demon-
strated in other terrestrial records from Kamchatka and the Kurile
Islands (e.g., Savoskul, 1999; Razjigaeva et al., 2004; Dirksen et al.,
2013). Such responses are also documented in marine records from the
sea areas surrounding Kamchatka, where a mid-Holocene change to-
wards lower sea-surface temperatures and extended sea–ice coverage
has been inferred (Seki et al., 2004; Max et al., 2012; Harada et al.,
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ature trend across the Northern Hemisphere (Marcott et al., 2013), which
is closely related to mean annual insolation at 56°N (Laskar et al., 2004)
(Fig. 3). A closer look at temporal-spatial patterns, however, reveals
some leads and lags in timing, as revealed by the timing of the HTM.
The 8.5–5.2 ka BP timing of the HTM in Kamchatka is consistent with a
similar timing in the sub-Arctic part of eastern Siberia (Nazarova et al.,
2013b) and in northern Europe (Seppä et al., 2009), so this suggests an
Atlantic climate signal propagated to Kamchatka through the westerlies.
Further north, towards the Eurasian Arctic, the HTM apparently
started earlier, at around 10 ka BP (Renssen et al., 2009). This time-
transgressive effect is well documented in eastern Siberia, where
Holocene warming started at ca 10 ka BP in the Lena Delta, northern
Yakutia, and about 3000 years later in southern Yakutia (Biskaborn
et al., 2012). A similar north–south difference in the timing of Holocene
warming is observed in Chukotka, situated north of Kamchatka
(Anderson and Lozhkin, 2015). The reason for this progressive onset of
the HTM has been explained by effects of postglacial ice-sheet decay
that modulated the routes of westerly storm tracks in Eurasia (Renssen
et al., 2009). Further east, the early HTM onset reached further south, as
for instance documented for the whole Alaska Peninsula (Kaufman
et al., 2004). Thus, a delayed onset of the HTM is apparent in the southern
part of western Beringia comparedwith a consistently early HTMonset in
eastern Beringia.
This contrast prompts a closer look at the regional climate systemand
potential teleconnections, because similar contrasts also dictate climate
ﬂuctuations today at decadal time scales in the North Paciﬁc realm
(Mock et al., 1998; Rodionov et al., 2007; Glebova et al., 2009; Bailey
et al., 2015), referred to as the Paciﬁc Decadal Oscillation (Barron and
Anderson, 2011). The presence of a complex atmospheric circulationpat-
tern causes a non-uniform behaviour in climate response. It starts with
the seasonal change between pressure systems. During winter, Kam-
chatka is situated between the Aleutian Low, located over the North Pa-
ciﬁc, and the Siberian High over eastern Siberia, bringing cold northerly
winds. During summer, the situation changes to an East Asian Low
over the continent and the Subtropical North Paciﬁc High over Hawaii,
bringingmoist andwarmairmasses to Kamchatka.Modern observations
reveal that this general pattern can be strongly modulated by shifts and
changes in the intensity of the pressure systems (Glebova et al., 2009). In
recent decades, winter warming has been caused by a weakening of the
Aleutian Lowand the SiberianHigh, reducinggradients, and amovement
of both pressure cells towards the southwest, bringing more easterly
maritime air masses from the Paciﬁc to Kamchatka instead of northerly
continental air masses. It was accompanied by a shortening of this atmo-
spheric winter pattern, leading to a lengthening of the summer season.
Similar changeswere observed during summer, butwith enhanced pres-
sure gradients between the Paciﬁc High and the East Asian Low. The
north-westward movement of the Paciﬁc High brings Kamchatka
under a stronger inﬂuence of warm maritime air masses.
Palaeoceanographic studies in the Bering Sea and the Sea of Okhotsk
have conﬁrmed that the modern atmospheric conﬁguration also con-
trolled climate patterns in our study area in the recent past, at least dur-
ing winter, as the southern shift of the Aleutian Low has made winters
milder than in the late Holocene (Itaki and Ikehara, 2004; Katsuki
et al., 2009, 2010). The importance of the Aleutian Low for the winter
climate has also been shown by our studies on Kamchatka, because its
long-term movement brought Kamchatka under the inﬂuence of cold
and snow-bearing air masses (Hammarlund et al., 2015–this volume),
which changed vegetation, and along with cooling and the shortening
of the summer season, provided the prerequisites for Neoglacial glacier
advances (Barr and Solomina, 2014).
In addition to long-term trends, our records also reveal changes at
millennial time scales, as clearly shown for the cold spells at around
8.2 ka BP, between 5.2 ka BP and 3.7 ka BP (Neoglacial), and during the
last millennium (Little Ice Age), which override the long-term cooling
as regional climate extremes (Fig. 3). In fact, the relatively abruptNeoglacial cooling in Kamchatka is consistent with the strengthening of
both the Siberian High (Mayewski et al., 1997; Nagashima et al., 2013;
Harada et al., 2014; Hammarlund et al., 2015–this volume) and the
Aleutian Low (Anderson et al., 2005; Jones et al., 2014) and the subse-
quent slight warming after a weakening of the Siberian High, while the
Aelutian Low remained strong and/or displaced towards western
Beringia (Fig. 3). The Little Ice Age extreme again is consistent with the
strengthening of both pressure systems (Fig. 3), and the inferred cooling
under such a combination is consistent with modern observations
(Glebova et al., 2009).
Millennial-scale climate ﬂuctuations also characterise the climate
development on the American side of the North Paciﬁc, where they
are postulated to reﬂect the effects of internal climate variability
and teleconnections, caused by the variable modes of the El-Niño/
Southern-Oscillation and the Paciﬁc Decadal Oscillation (see review by
Barron and Anderson, 2011). These authors postulate that the increase
in El-Niño events after 4 ka BP favoured cold-mode teleconnections
with the eastern North Paciﬁc. With regard to the Kamchatka record,
such a low- to high-latitude connection at a ﬁrst glance is less obvious
than the relationship with the variability of the mid-latitudinal atmo-
spheric pressure systems. Although Neoglacial cooling in Kamchatka
might be related to incipient weakening of the Asian summer monsoon
after 5 ka BP (Dykowski et al., 2005), the strong decline of the summer
monsoon after 3.5 ka BP counteracts the slight climate amelioration in
Kamchatka (Fig. 3). The variability of ENSO ﬂuctuations in the late Holo-
cene (Conroy et al., 2008), however, is more or less comparable with
warming trends after the Neoglacial and Little Ice Age on Kamchatka
(Fig. 3). El-Niño stages are often consistent with a positive warm
mode of PDO (Barron and Anderson, 2011), and are associated with
warm summers in Kamchatka (Solomina et al., 2007).
The implications of our records in indicating the major regional cli-
mate drivers can be summarised as follows: (1) the long-term climate
development on Kamchatka follows external insolation forcing, (2) the
complex interaction of atmospheric teleconnections causes climate
anomalies that can be related to both low- and high-latitude processes,
(3) though most severe during winter, these atmospheric oscillations
also inﬂuence the length of the seasons, propagating consequences in
subsequent seasons (for example, a long winter leads to a short growing
season during summer, which is documented in the lake records), (4) on
longer time-scales, this complexity might also explain the lead in the
onset of the HTM between eastern and western Beringia.
6. Conclusions
Our results indicate that the major Holocene climate episodes (i.e.,
HTM and Mediaeval Warm Period, and Holocene cold periods at
8.2 ka BP, 4.6 ka BP, 2.7 ka BP, LIA), which are apparent in climate records
from the North Atlantic region, are also indicated by climate proxies in
many of our records in Kamchatka. This indicates the presence of
teleconnections between the North Atlantic and North Paciﬁc, which
modulate these climatic oscillations on a global scale. The timing of the
HTM appears to be transgressive, starting earlier in north-eastern Siberia
than further south in Kamchatka as a result of the inﬂuence of the post-
glacial Beringian ice-sheet (Anderson et al., 2002). However, there do
not appear to be signiﬁcant differences between the North Atlantic and
North Paciﬁc regions in themagnitude or duration of the smaller climate
oscillations. This indicates that atmospheric climate drivers are more in-
ﬂuential than oceanic drivers in these instances.
There do appear to be some spatial differences within Kamchatka in
the timing andmagnitude in the response to some of themajor Holocene
climate ﬂuctuations. For example, at sites close to the Paciﬁc Ocean there
is a delay in the response of vegetation to the HTM relative to inland sites
as the inﬂuence of Holocenewarmingmay have beenmoderated by high
winter precipitation in these localities (Dirksen et al., 2013). Pollen re-
cords indicateNeoglacial cooling, and strengthened continentality are ap-
parent ﬁrst in the northern parts of Kamchatka from 5.8 ka BP, in central
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3.5 ka BP (Dirksen et al., 2013). There are also differences in the timing of
thewarmand cool interludes between 4.0 and 1.5 ka BP in different parts
of the Kamchatka Peninsula, which is apparent when our records are
compared with previously published records (Dirksen et al., 2013). Our
results support recent climate model experiments (e.g., Renssen et al.,
2009, 2012; Jansen et al. 2007), which suggest that the HTMwas delayed
in southern and central Kamchatka by about 2000 years compared with
Alaska and NE Siberia, and was synchronous with the North Atlantic re-
gion due to the cooling oceanic inﬂuences and the effects of sea ice. How-
ever, most of the other climatic episodes we have identiﬁed in our
records are closely synchronous, given the errors in our age–depth
models, and do not show any obvious north–south time transgressions.
Our results provide evidence for the penetration and domination of
different air masses at different periods during the Holocene. Drawing
on the climate synopsis of Mock et al. (1998) and Rodionov et al.
(2007), cool and dry periods in winter (e.g., at 6.0 ka BP) are driven by
a relatively weak pressure gradient between the Siberian High and the
Aleutian Low, whereas cool, wet periods in winter (e.g., at 5.0 ka BP, the
4.5–3.7 ka BP glacial maximum and during the LIA) develop when these
two major pressure systems increase in strength, the Aleutian Low is in
a more south-westerly position and there are enhanced north-easterly
winds (Hammarlund et al., 2015–this volume). During the summer,
cool and dry periods are driven by a negative northwest Paciﬁc climate
type, whereas warmer, wetter periods in summer are driven by the pos-
itive northwest Paciﬁc climate type. Warm, dry, continental periods in
summer (e.g., at 2.5 ka BP) are driven by a weakening of the Siberian
High resulting in a positive northwest Paciﬁc climate type.
All our study sites have evidence of many volcanic ash deposits
throughout the Holocene. There is evidence that these ashes have altered
lake water chemistry and sediment composition which in turn have
affected the composition of the diatom and chironomid assemblages, al-
though none of these changes appear to have caused a long-term ecosys-
tem change (Andrén et al., 2015–this volume). Our results indicate that
ecosystem change is driven primarily by global and regional climate forc-
ing, although local environmental conditions, such as catchment-driven
pH changes, volcanic ash inputs and stochastic processes, do inﬂuence
some of the ecosystem changes apparent in our data.
Our joint efforts to understand the Holocene palaeoclimate of
Kamchatka should be regarded as pioneering work in a remote and
under-studied region. Our ﬁndings and interpretations to some degree
suffer from the scarcity of quantitative climate reconstructions. The
next steps should focus on increasing the geographic coverage of
multiproxy palaeolimnological sites in Kamchatka, on improving the re-
liability of transfer functions and developing new quantitative proxies
to supplement our qualitative data. We hope our results and their
implications concerning regional climate drivers during the Holocene
will stimulate climate modellers to unravel the complex nature of
teleconnections in the North Paciﬁc realm.Acknowledgements
We thank all the authors for their contributions to this volume and
to the referees for their constructive comments on these papers. Much
of the work that appears in these papers was completed under the aus-
pices of three major research projects: the Beringia 2005 expedition
organised by the Swedish Polar Research Secretariat and its Russian col-
laboration partners, with funding for analytical costs provided by the
Swedish Research Council (grants 2004-5224 and 2005-4444); a UK
NERC-funded project Inﬂuence of global teleconnections on Holocene cli-
mate in Kamchatka (NE/H008160/1); and a Russian-Germanmultidisci-
plinary research project KALMAR — Kurile-Kamchatka and Aleutian
Marginal Sea-Island Arc Systems: Geodynamic and Climate Interaction in
Space and Time, funded by the German Federal Ministry of Education
and Research (BMBF grant 03G0640B).References
Anderson, P.M., Lozhkin, A.V., 2015. Late quaternary vegetation of chukotka (Northeast
Russia), implications for glacial and Holocene environments of Beringia. Quat. Sci.
Rev. 107, 112–128.
Anderson, D.M., Overpeck, J.T., Gupta, A.K., 2002. Increase in the Asian southwest mon-
soon during the past four centuries. Science 297, 596–599.
Anderson, L., Abbott, M.B., Finney, B.P., Burns, S.J., 2005. Regional atmospheric circulation
in the North Paciﬁc during the Holocene inferred from lacustrine carbonate oxygen
isotopes, Yukon Territory, Canada. Qual. Res. 64, 21–35.
Andrén, E., Klimaschewski, A., Self, A.E., St. Amour, N., Andreev, A.A., Bennett, K.D., Conley,
D.J., Edwards, T.W.D., Solovieva, N., Hammarlund, D., 2015. Holocene climate and en-
vironmental change in north-eastern Kamchatka (Russian Far East). Glob. Planet.
Chang. 134, 41–54 (this volume).
Ayris, P.M., Delmelle, P., 2012. The immediate environmental effects of tephra emission.
Bull. Volcanol. 74, 1905–1936.
Bailey, H.L., Kaufman, D.S., Henderson, A.C.G., Leng, M.J., 2015. Synoptic-scale controls on
the δ18O in precipitation across Beringia. Geophys. Res. Lett. 42, 4608–4616. http://dx.
doi.org/10.1002/2015GL063983.
Barr, I.D., Solomina, O., 2014. Pleistocene and Holocene glacier ﬂuctuations upon the Kam-
chatka Peninsula. Glob. Planet. Chang. 113, 110–120.
Barron, J.A., Anderson, L., 2011. Enhanced late Holocene ENSO/PDO expression along the
margins of the eastern North Paciﬁc. Quat. Int. 235, 3–12.
Birks, H.J.B., Lotter, A.F., 1994. The impact of the laacher See volcano (11 000 yr B.P.) on
terrestrial vegetation and diatoms. J. Paleolimnol. 11, 313–322.
Biskaborn, B.K., Herzschuh, U., Bolshiyanov, D., Savelieva, L., Diekmann, B., 2012. Environ-
mental variability in northeastern Siberia during the last ~13,300 yr inferred from
lake diatoms and sediment-geochemical parameters. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 329–330, 22–36.
Brooks, S.J., Bennion, H., Birks, H.J.B., 2001. Tracing lake trophic history with a chironomid-
total phosphorus inference model. Freshw. Biol. 46, 511–532.
Charman, D.J., 2001. Biostratigraphic and palaeoenvironmental applications of testate
amoebae. Quat. Sci. Rev. 20, 1753–1764.
Conroy, J.L., Overpeck, J.T., Cole, J.E., Shanahan, T.M., Steinitz-Kannan, M., 2008. Holocene
changes in eastern tropical Paciﬁc climate inferred from a Gala'pagos lake sediment
record. Quat. Sci. Rev. 27, 1166–1180.
Dirksen, V.G., Dirksen, O., Diekmann, B., 2013. Holocene vegetation dynamics and climate
change in Kamchatka Peninsula, Russian Far East. Rev. Palaeobot. Palynol. 190, 48–65.
Dirksen, V., Dirksen, O., van den Bogaard, C., Diekmann, B., 2015. Holocene pollen record
from Lake Sokoch, interior Kamchatka (Russia), and its palaeobotanical and paleocli-
matic interpretation. Glob. Planet. Chang. 134, 129–141 (this volume).
Dykowski, C.A., Edwards, R.L., Cheng,H., Yuan,D.X., Cai, Y.J., Zhang,M.L., Lin, Y.S., Qing, J.M.,
An, Z.S., Revenaugh, J., 2005. A high-resolution, absolute-datedHolocene and deglacial
Asian monsoon record from Dongge Cave, China. Earth Planet. Sci. Lett. 233, 71–86.
Edwards, T.W.D., Wolfe, B.B., Gibson, J.J., Hammarlund, D., 2004. Use of water isotope
tracers in high-latitude hydrology and paleohydrology. In: Pienitz, R., Douglas,
M.S.V., Smol, J.P. (Eds.), Long-term Environmental Change in Arctic and Antarctic
Lakes. Springer, Dordretch, The Netherlands, pp. 187–207.
Eggermont, H., Heiri, O., 2012. The chironomid-temperature relationship: expression in
nature and palaeoenvironmental implications. Biol. Rev. 87, 430–456.
Feng, S.H., Kaufman, D., Yoneji, S., Nelson, D., Shemesh, A., Huang, Y., Tian, J., Bond, G.,
Clegg, B., Brown, T., 2003. Cyclic Variation and Solar Forcing of Holocene Climate in
the Alaskan Subarctic. Science 301, 1890–1893.
Glebova, S., Ustinova, E., Sorokin, Y., 2009. Long-term changes of atmospheric centers and
climate regime of the Okhotsk Sea in the last three decades. PICES Sci. Rep. 36, 3–9.
Hammarlund, D., Klimaschewski, A., Amour, N.A.S., Andrén, E., Self, A.E., Solovieva, N.,
Andreev, A.A., Barnekow, L., Edwards, T.W.D., 2015. Late Holocene expansion of Sibe-
rian dwarf pine (Pinus pumila) in Kamchatka in response to increased snow cover as
inferred from lacustrine oxygen isotope records. Glob. Planet. Chang. 134, 91–100
(this volume).
Harada, N., Katsuki, K., Nakagawa, M., Matsumoto, A., Seki, O., Addison, J.A., Finney, B.P.,
Sato, M., 2014. Holocene sea surface temperature and sea ice extent in the Okhotsk
and Bering Seas. Prog. Oceanogr. 126, 242–253.
Hoff, U., Dirksen, O., Dirksen, V., Kuhn, G., Meyer, H., Diekmann, B., 2014. Holocene fresh-
water diatoms: palaeoenvironmental implications from south Kamchatka, Russia. Bo-
reas 43, 22–41.
Hoff, U., Biskaborn, B.K., Dirksen, V., Dirksen, O., Kuhn, G., Meyer, H., Nazarova, L., Roth, A.,
Diekmann, B., 2015. Holocene environment of Central Kamchatka, Russia: implica-
tions from a multi-proxy record of Two-Yurts Lake. Glob. Planet. Chang. 134,
101–117 (this volume).
Hong, Y.T., Hong, B., Lin, Q.H., Shibata, Y., Zhu, Y.X., Leng, X.T., Wang, Y., 2009. Synchro-
nous climate anomalies in the western North Paciﬁc and North Atlantic regions dur-
ing the last 14,000 years. Quat. Sci. Rev. 28, 840–849.
Itaki, T., Ikehara, K., 2004. Middle to late Holocene changes of the Okhotsk Sea intermedi-
atewater and their relation to atmospheric circulation. Geophys. Res. Lett. 31, L24309.
Jansen, E., Overpeck, J., Briffa, K.R., Duplessy, J.-C., Joos, F., Masson-Delmotte, V., Olago, D.,
Otto-Bliesner, B., Peltier, W.R., Rahmstorf, S., Ramesh, R., Raynaud, D., Rind, D.,
Solomina, O., Villalba, R., Zhang, D., 2007. Palaeoclimate. In: Solomon, S., Qin, D.,
Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L. (Eds.), Climate
change 2007: the physical science basis; contribution of working group I to the fourth
assessment report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, pp. 433–497.
Jones, V.J., 2013. Diatom introduction. In: Elias, S. (Ed.), Encyclopaedia of Quaternary Sci-
ence, second ed. Elsevier, Oxford, pp. 471–480.
Jones, V.J., Solomina, O., 2015. The geography of Kamchatka. Glob. Planet. Chang. 134,
3–9 (this volume).
174 S.J. Brooks et al. / Global and Planetary Change 134 (2015) 166–174Jones, V.J., Solovieva, N., Self, A., McGowan, S., Rosen, P., Salonen, S., Seppä, H., Väliranta,
M., Parrott, E., Brooks, S.J., 2011. The inﬂuence of Holocene treeline advance and re-
treat on an arctic lake ecosystem; a multi-proxy study from Kharinei Lake, North
Eastern European Russia. J. Paleolimnol. 46, 123–137.
Jones, M.C.,Wooller, M., Peteet, D.M., Katsuki, K., 2014. A deglacial and Holocene record of
climate variability in south-central Alaska from stable oxygen isotopes and plant
macrofossils in peat. Quat. Sci. Rev. 87, 1–11.
Jones, V.J., Rose, N.L., Self, A.E., Solovieva, N., Yang, H., 2015. Evidence of global pollution
and environmental change in Kamchatka, Russia. Glob. Planet. Chang. 134, 82–90
(this volume).
Katsuki, K., Khim, B.K., Itaki, T., Harada, N., Sakai, H., Ikeda, T., Takahashi, K., Okazaki, Y.,
Asahi, H., 2009. Land–sea linkage of Holocene paleoclimate on the southern Bering
continental shelf. The Holocene 19, 747–756.
Katsuki, K., Khim, B.-K., Itaki, T., Okazaki, Y., Ikehara, K., Shin, Y., Yoon, H.I., Kang, C.Y.,
2010. Sea–ice distribution and atmospheric pressure patterns in southwestern
Okhotsk Sea since the Last Glacial Maximum. Glob. Planet. Chang. 72, 99–107.
Kaufman, D.S., Ager, T.A., Anderson, N.J., Anderson, P.M., Andrews, J.T., Bartlein, P.J.,
Brubaker, L.B., Coats, L.L., Cwynar, L.C., Duvall, M.L., Dyke, A.S., Edwards, M.E.,
Eisner, W.R., Gajewski, K., Geirsdottir, A., Hu, F.S., Jennings, A.E., Kaplan, M.R.,
Kerwin, M.W., Lozhkin, A.V., MacDonald, G.M., Miller, G.H., Mock, C.J., Oswald,
W.W., Otto-Bliesner, B.L., Porinchu, D.F., Rühland, K.M., Smol, J.P., Steig, E.J., Wolfe,
B.B., 2004. Holocene thermal maximum in the western arctic (0–180 W). Quat. Sci.
Rev. 23, 529–560.
Klimaschewski, A., Barnekow, L., Bennett, K.D., Andreev, A.A., Andrén, E., Bobrov, A.A.,
Hammarlund, D., 2015. Holocene environmental changes in southern Kamchatka,
Eastern Russia, inferred from a pollen and testate amoebae record from a peat succes-
sion. Glob. Planet. Chang. 134, 142–154 (this volume).
Kurita, N., Numaguti, A., Sugimoto, A., Ichiyanagi, K., Yoshida, N., 2003. Relationship be-
tween the variation of isotopic ratios and the source of summer precipitation in east-
ern Siberia. J. Geophys. Res. 108, 1–10.
Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A.C.M., Levrard, B., 2004. A long
term numerical solution for the insolation quantities of the Earth. Astron. Astrophys.
428, 261–285.
Marcott, S.A., Shakun, J.D., Clark, P.U., Mix, A., 2013. A reconstruction of regional and glob-
al temperature for the past 11,300 years. Science 339, 1198–1201.
Max, L., Riethdorf, J.-R., Tiedemann, R., Smirnova, M., Lembke-Jene, L., Fahl, K., Nürnberg, D.,
Matul, A., Mollenhauer, G., 2012. Sea surface temperature variability and sea-ice extent
in the subarctic northwest Paciﬁc during the past 15,000 years. Paleoceanography 27,
PA3213. http://dx.doi.org/10.1029/2012PA002292.
Mayewski, P.A., Meeker, L.D., Twickler, M.S., Whitlow, S., Yang, Q., Lyons, W.B., Prentice, M.,
1997.Major features and forcing of high-latitude northern hemisphere atmospheric cir-
culation using a 110,000-year-long glaciochemical series. J. Geophys. Res. 102,
26345–26366.
Mayewski, P.A., Rohling, E.E., Stager, J.C., Karlén, K.A., Maasch, W., Meeker, L.D., Meyerson,
E.A., Gasse, F., van Kreveld, S., Holmgren, K., Lee-Thorp, J., Rosqvist, G., Rack, F.,
Staubwasser, M., Schneider, R.R., Steiger, E.J., 2004. Holocene climate variability. Qual.
Res. 62, 243–255.
Meyer, H., Chapligin, B., Hoff, U., Nazarova, L., Diekmann, B., 2015. Oxygen isotope compo-
sition of diatoms as Late Holocene climate proxy at Two-Yurts-Lake, Central Kam-
chatka, Russia. Glob. Planet. Chang. 134, 118–128 (this volume).
Mock, C.J., Bartlein, P.J., Anderson, P.M., 1998. Atmospheric circulation patterns and spatial
climatic variations in Beringia. Int. J. Climatol. 10, 1085–1104.
Nagashima, K., Tada, R., Toyoda, S., 2013. Westerly Jet — East Asian summer monsoon
connection during the Holocene. Geochem. Geophys. Geosyst. 14, 5041–5053.Nazarova, L., de Hoog, V., Hoff, U., Dirksen, O., Diekmann, B., 2013a. Late Holocene climate
and environmental changes in Kamchatka inferred from the subfossil chironomid re-
cord. Quat. Sci. Rev. 67, 81–92.
Nazarova, L., Lüpfert, H., Subetto, D., Pestryakova, L., Diekmann, B., 2013b. Holocene cli-
mate conditions in central Yakutia (Eastern Siberia) inferred from sediment compo-
sition and fossil chironomids of Lake Temje. Quat. Int. 290–291, 264–274.
Nazarova, L., Self, A.E., Brooks, S.J., van Hardenbroek, M., Herzschuh, U., Diekmann, B.,
2015. Northern Russian chironomid-based modern summer temperature data set
and inference models. Glob. Planet. Chang. 134, 10–25 (this volume).
Plunket, G., Coulter, S.E., Ponomareva, V.V., Blaauw, M., Klimaschewski, A., Hammarlund,
D., 2015. Distal tephrochronology in volcanic regions: challenges and insights from
Kamchatkan lake sediments. Glob. Planet. Chang. 134, 26–40 (this volume).
Razjigaeva, N.G., Grebennikova, T.A., Ganzey, L.A., Mokhova, L.M., Bazarova, V.B., 2004.
The role of global and local factors in determining the middle to late Holocene envi-
ronmental history of South Kurile and Komandar island, northwestern Paciﬁc.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 209, 313–333.
Rees, A.B.H., Cwynar, L.C., 2010. A test of Tyler's Line — response of chironomids to a pH
gradient in Tasmania and their potential as a proxy to infer past changes in pH.
Freshw. Biol. 55, 2521–2540.
Renssen, H., Seppä, H., Heiri, O., Roche, D.M., Goosse, H., Fichefet, T., 2009. The spatial and
temporal complexity of the Holocene thermal maximum. Nat. Geosci. 2, 411–414.
Renssen, H., Seppä, H., Crosta, X., Goosse, H., Roche, D.M., 2012. Global characterization of
the Holocene thermal maximum. Quat. Sci. Rev. 48, 7–19.
Rodionov, S.N., Bond, N.A., Overland, J.E., 2007. The Aleutian Low, storm tracks, andwinter
climate variability in the Bering Sea. Deep-Sea Res. II 54, 2560–2577.
Savoskul, O.S., 1999. Holocene glacier advances in the headwaters of Sredniaya Avacha,
Kamchatka, Russia. Qual. Res. 52, 14–26.
Seki, O., Kawamura, K., Ikehara, M., Nakatsuka, T., Oba, T., 2004. Variation of alkenone sea
surface temperature in the Sea of Okhotsk over the last 85 kyrs. Org. Geochem. 35,
347–354.
Self, A.E., Klimaschewski, A., Solovieva, N., Jones, V.J., Andrén, E., Andreev, A.A.,
Hammarlund, D., Brooks, S.J., 2015. The relative inﬂuences of climate and volcanic
activity on Holocene lake development inferred from a mountain lake in central
Kamchatka. Glob. Planet. Chang. 134, 67–81 (this volume).
Seppä, H., Bjune, A.E., Telford, R.J., Birks, H.J.B., Veski, S., 2009. Last nine-thousand years of
temperature variability in Northern Europe. Clim. Past 5, 523–535.
Shahgedanova, M., 2002. Climate at present and in the historical past. In: Shahgedanova,
M. (Ed.), The Physical Geography of Northern Eurasia. Oxford University Press, Ox-
ford, pp. 70–102.
Solomina, O., Wiles, G., Shiraiwa, T., D'Arrigo, R., 2007. Multiproxy records of climate var-
iability for Kamchatka for the past 400 years. Clim. Past 3, 119–128.
Solovieva, N., Klimaschewski, A., Self, A.E., Jones, V.J., Andrén, E., Andreev, A.A.,
Hammarlund, D., Lepskaya, E.V., Nazarova, L., 2015. Holocene environmental history
of a small coastal lake from north-eastern Kamchatka Peninsula. Glob. Planet. Chang.
134, 55–66 (this volume).
Van Geel, B., Buurman, J., Waterbolk, H.T., 1996. Archaeological and palaeoecological indi-
cations of an abrupt climate change in The Netherlands, and evidence for climatolog-
ical teleconnections around 2650 BP. J. Quat. Sci. 11, 451–460.
Yamamoto, M., Yamamuro, M., Tanaka, Y., 2007. The California current system during the
last 136,000 years: response of the North Paciﬁc High to precessional forcing. Quat.
Sci. Rev. 26, 405–414.
Yanase, W., Abe-Ouchi, A., 2007. The LGM surface climate and atmospheric circulation
over East Asia and the North Paciﬁc in the PMIP2 coupled model simulations. Clim.
Past 3, 439–451.
